Introduction {#s1}
============

Bone is continuously remodeled through the finely tuned interaction between bone forming osteoblasts and bone resorbing osteoclasts [@pone.0084232-Harada1]. An imbalance between bone formation and resorption can induce skeletal disorders, including osteoporosis, a common disease characterized by a systemic deterioration of bone mass and structure, and by fragility fractures, which are often associated with complications, such as impaired healing [@pone.0084232-Rachner1]. Due to the high socioeconomic burden of this disease, research aims to better understand the molecular mechanisms regulating bone cell activities and to identify novel therapeutic targets for the treatment of osteoporosis and osteoporotic fractures.

In recent years, the function of Wnt-dependent signal transduction has attracted considerable interest in bone biology. Commonly, the complex Wnt-signaling pathways are subdivided into the canonical and non-canonical pathways [@pone.0084232-Baron1], [@pone.0084232-Macsai1], [@pone.0084232-Kim1]. Signaling through the canonical pathway is initiated by the binding of Wnt ligands to Frizzled (Fzd) receptors and low-density lipoprotein receptor-related protein-5/6 (Lrp5/6) co-receptors. Downstream signaling involves the stabilization of β-catenin and its translocation to the nucleus, where it forms a transcriptional complex with T-cell factor (TCF)/lymphoid enhancer-binding factor (LEF) to regulate the transcription of Wnt target genes. Non-canonical signaling does not involve Lrp5/6 and is β-catenin independent [@pone.0084232-Baron1], [@pone.0084232-Kim1]. The canonical Wnt/β-catenin pathways in particular are regarded to be of crucial importance in bone biology. This became evident from specific human bone pathologies, which were associated with aberrant Wnt/β-catenin signaling. Inactivating mutations of LRP5 induce the osteoporosis-pseudoglioma syndrome in humans [@pone.0084232-Gong1], whereas gain-of-function mutations of LRP5 result in a high bone mass phenotype because of increased osteoblast activity [@pone.0084232-Little1], [@pone.0084232-Boyden1]. Polymorphisms in the LRP5 gene have been reported to be associated with decreased bone mineral density (BMD) and osteoporotic fractures [@pone.0084232-Richards1]. Furthermore, loss of SOST, a negative regulator of osteoblast activity produced by osteocytes, which binds to LRP5 and inhibits Wnt signaling [@pone.0084232-Semenov1], leads to high bone mass disorders, such as van Buchem disease or sclerostosis [@pone.0084232-Semenov1], [@pone.0084232-Balemans1].These observations, together with a large number of studies on mouse models, which demonstrate that altered Wnt signal transduction displays bone remodeling phenotypes, suggest that Wnt-signaling pathways are of crucial importance for the regulation of osteoblast and osteoclast activity [@pone.0084232-Baron1], [@pone.0084232-Kim1].

It is therefore not surprising that Wnt signaling also has an important function in fracture repair. Fracture healing occurs in the closely linked phases of inflammation, repair and remodeling. The repair phase involves the recruitment of precursor cells, their proliferation and differentiation, and bone formation by intramembranous and endochondral ossification. In the final phase of bone healing, the initial woven bone is remodeled by the interaction of osteoclasts and osteoblasts [@pone.0084232-Claes1], [@pone.0084232-Gerstenfeld1]. It was demonstrated that several Wnt ligands, including Wnt4, Wnt5a, Wnt10b, Wnt11 and Wnt13, Wnt receptors, including Fzd1, 2, 4 and 5, the co-receptors Lrp5 and Lrp6, β-catenin and Wnt target genes, including *Runx2*, a transcription factor associated with osteoblast differentiation, were up-regulated in the facture callus during bone regeneration [@pone.0084232-CaetanoLopes1], [@pone.0084232-Chen1], [@pone.0084232-Dean1], [@pone.0084232-Zhong1], [@pone.0084232-Hadjiargyrou1]. Activation of Wnt signaling by the administration of the canonical Wnt agonist Wnt3a [@pone.0084232-Minear1], LiCl, an inhibitor of glycogen synthase kinase 3β (GSK3β) phosphorylation of β-catenin for proteosomal degradation [@pone.0084232-Chen1], or neutralizing antibodies against the canonical Wnt inhibitors Dkk1 [@pone.0084232-Agholme1] and SOST [@pone.0084232-Jawad1], [@pone.0084232-Ominsky1], [@pone.0084232-Agholme2] were shown to improve bone healing in mice. In contrast, the inhibition of Wnt signaling by treatment with recombinant Dkk1 [@pone.0084232-Chen1], adenoviral overexpression of Dkk1 [@pone.0084232-Kim2] or the deletion of the Wnt co-receptor Lrp5 [@pone.0084232-Komatsu1] impaired fracture healing. These studies implicate that canonical Wnt/β-catenin signaling might be the dominant mechanism in bone repair. However, the up-regulation of the non-canonical Wnt agonists Wnt5a and Wnt11 during fracture healing suggest that non-canonical pathways may also be important, however, their function in bone repair has not yet been investigated [@pone.0084232-Macsai1].

Due to their tremendous importance in bone formation, targeting of Wnt-signaling pathways has emerged as a promising strategy for the treatment of bone disorders, such as osteoporosis and poorly or non-healing fractures. Neutralizing antibodies against the Wnt inhibitors Dkk1 and SOST exhibited promising results in preclinical and clinical studies [@pone.0084232-Baron2]. To broaden the spectrum of effective drugs in clinical use, further research regarding possible new Wnt-signaling targets is needed. In this regard, the transmembrane Fzd receptors are of particular interest, because they belong to the serpentine receptor family, representing the major class of target proteins for currently available drugs [@pone.0084232-Imming1]. Recently, we provided the first evidence for a physiological role of *Fzd9*, one of the ten known *Fzd* genes, as a positive regulator of bone formation [@pone.0084232-Albers1]. We found that *Fzd9* is the only *Fzd* gene to be significantly up-regulated during the early stages of osteoblast differentiation, and that *Fzd9*-deficient mice displayed a cell-autonomous osteoblast defect of low bone formation. We further demonstrated that *Fzd9* regulates osteoblast function via non-canonical Wnt-signaling pathways [@pone.0084232-Albers1]. Notably, there is evidence that FZD9 may also be involved in the regulation of bone formation in humans. FZD9 is one of the genes, whose homozygous deletion in humans induces Williams-Beuren syndrome, a disorder associated with multiple manifestations, including low bone mass [@pone.0084232-Pober1], [@pone.0084232-Schubert1], [@pone.0084232-Cherniske1].

In the present study, we investigated whether signaling through the Fzd9 receptor regulates new bone formation in fracture healing in mice. We found that new bone formation both in the early and later stages of fracture healing was significantly impaired in the absence of Fzd9, suggesting that non-canonical Wnt signaling via Fzd9 might positively regulate bone repair, a finding that may have implications for the treatment of delayed fracture healing.

Results {#s2}
=======

*Fzd9* Deficiency Impaired New Bone Formation in the Fracture Callus {#s2a}
--------------------------------------------------------------------

The formation of new tissue in the fracture callus was evaluated in the early healing period at day 10 by histomorphometry, and in the later stages of healing (at days 24 and 32) using histomorphometry and µCT analysis.

After 10 days, most of the callus was composed of cartilage and fibrous tissue. New bone formation, which started at some distance from the fracture gap near the periosteum, was significantly reduced by 45% (*p* = 0.043) in the absence of *Fzd9*, whereas the amount of cartilage was not significantly affected ([Figures 1A](#pone-0084232-g001){ref-type="fig"} and [2](#pone-0084232-g002){ref-type="fig"}). The distribution and number of osteoclasts in the callus resorbing the mineralized cartilage during endochondral ossification and the woven bone during callus remodeling were not altered in the absence of *Fzd9* (1±0.7 and 1±0.2 OC/BS mm^−1^ in WT and *Fzd9* ^−/−^ mice, respectively). β-Catenin was found in the cytoplasm and the nucleus of osteoblasts as well as proliferating chondroblasts. Hypertrophic chondrocytes were barely stained. No differences in staining were detected between *Fzd9* ^−/−^ and WT mice ([Figure 3](#pone-0084232-g003){ref-type="fig"}). Runx2, an early osteoblast marker, was mainly found in the nucleus of preosteoblastic cells and osteoblasts located in the fracture callus ([Figure 4](#pone-0084232-g004){ref-type="fig"}). Osteocalcin, a late osteoblast differentiation marker, was mainly localized in the cytoplasma of osteoblasts near mineralized matrix and in the bone matrix ([Figure 4](#pone-0084232-g004){ref-type="fig"}). The expression of both differentiation markers was not affected by the absence of *Fzd9*. Because we previously observed a reduced expression of chemokines in *Fzd9^−/−^* osteoblasts [@pone.0084232-Albers1], we immunostained Cxcl5 and Ccl2 in the fracture callus. Both chemokines were expressed by precursor cells, osteoblasts and chondroblasts in both genotypes, but staining seemed to be less intense in the absence of *Fzd9* ([Figure 5](#pone-0084232-g005){ref-type="fig"}).

![Histological evaluation of relative amounts of tissues in the fracture calli at different time points post fracture.\
WT: white columns, *Fzd9* ^−/−^: grey columns. All values are presented as median, interquartile ranges, minimum and maximum. n = 5--10; Mann-Whitney-U-test, \*p\<0.05. TOT: total osseous tissue, Cg: cartilage, FT: fibrous tissue. A: day 10, WT: n = 6, *Fzd9* ^−/−^: n = 5, B: day 24, WT: n = 7, *Fzd9* ^−/−^: n = 8, C: day 32, WT: n = 10, *Fzd*9^−/−^: n = 8.](pone.0084232.g001){#pone-0084232-g001}

![Representative histological sections of the fracture calli of WT and *Fzd9^−/−^* mice at different time points post fracture.\
The upper panel shows sections of osteotomized WT femurs and the lower one femurs of *Fzd9* ^−/−^. Decalcified sections 10 days post fracture were stained with Safranin O. Undecalcified femurs 24 and 32 days post fracture were stained with Giemsa.](pone.0084232.g002){#pone-0084232-g002}

![Immunostaining of β-catenin at day 10 and histochemical TRAP staining indicating osteoclasts at day 24 in the fracture calli.\
WT: upper panel, *Fdz9* ^−/−^: lower panel. β-catenin was expressed in osteoblasts (OB) and proliferating chondroblasts (CB) but to a lesser extend in hypertrophic chondrocytes (HC). C: cortex. There were no differences between both genotypes. Only TRAP positive cells with ≥2 nuclei were identified as osteoclasts (OC). TRAP-staining either revealed no significant differences between both genotypes.](pone.0084232.g003){#pone-0084232-g003}

![Immunostaining of osteoblast differentiation markers Runx2 and Osteocalcin at day 10.\
WT: upper panel, *Fdz9* ^−/−^: lower panel. Runx2 (*left*) was expressed mainly in the nucleus of preosteoblastic cells and osteoblasts (OB) located in the fracture callus. Osteocalcin (*right*) was mainly localized in the cytoplasma of osteoblasts near mineralized matrix and in the bone matrix. There were no differences in staining of Runx2 and Osteocalcin between both genotypes. C: cortex, OT: osteocytes.](pone.0084232.g004){#pone-0084232-g004}

![Immunostaining of chemokines Cxcl5 and Ccl2 at day 10.\
WT: upper panel, *Fdz9* ^−/−^: lower panel. C: cortex. Cxcl5 (*left*) and Ccl2 (*right*) were expressed by precursor cells, osteoblasts and chondrocytes in both genotypes, but staining was less intense in the absence of *Fzd9*. C: cortex, HC: hypertrophic chondrocytes, OB: osteoblasts, OT: osteocytes.](pone.0084232.g005){#pone-0084232-g005}

After 24 and 32 days, histology did not reveal any significant differences in tissue formation ([Figures 1B, 1C](#pone-0084232-g001){ref-type="fig"} and [2](#pone-0084232-g002){ref-type="fig"}) or the number of osteoclasts (2±0.4 and 2±0.5 OC/BS mm^−1^ in WT and *Fzd9* ^−/−^ mice, respectively) ([Figure 3](#pone-0084232-g003){ref-type="fig"}), however, we did observe a trend towards a lower amount of newly formed bone in *Fzd9* ^−/−^ mice. At these late time points, the amount of cartilage was negligibly small in both genotypes, indicating that the cartilage to bone transformation was completed. µCT data confirmed the histology. BV/TV was significantly diminished in the fracture gap in the absence of *Fzd9* by 30% (*p* = 0.019) and by 21% (*p* = 0.004) after 24 and 32 days, respectively ([Figure 6A](#pone-0084232-g006){ref-type="fig"}). BMD was also significantly diminished in *Fzd9* ^−/−^ mice after 24 days ([Figure 6B](#pone-0084232-g006){ref-type="fig"}). The finding, that µCT analysis revealed significant differences between the genotypes at days 24 and 32, whereas histology did not, could be explained by the greater accuracy of three-dimensional µCT measurements in comparison to two-dimensional histology. Furthermore, in µCT-evaluation a global threshold was used to differentiate between mineralized and non-mineralized tissue, whereas in histomorphometry newly formed bone was identified by its characteristic morphology, thus also including less mineralized bone in the evaluation.

![µCT evaluation of the fracture calli of WT and *Fzd9* ^−**/**−^ mice at days 24 and 32 post fracture.\
A: Bone volume/total volume (BV/TV). B: Bone mineral density (BMD) C: 3D-models of femurs at day 24 in anterior-posterior (left) and lateral view (right). The upper panel shows WT femurs and the lower panel *Fzd9* ^−/−^ femurs. *Fzd9* ^−/−^ mice exhibited a less mineralized callus at both investigated time points. At day 24, the geometry of the calli of *Fzd9* ^−/−^ mice was different from WT mice, resulting in an increased moment of inertia (*I~x~*) (see [Figure 7C](#pone-0084232-g007){ref-type="fig"}).](pone.0084232.g006){#pone-0084232-g006}

Taken together, our data suggest that in the absence of *Fzd9*, new bone formation but not cartilage formation in the fracture callus was significantly inhibited at all investigated time points.

*Fzd9* Deficiency Impaired the Mechanical Competence of the Newly Formed Fracture Callus {#s2b}
----------------------------------------------------------------------------------------

Confirming the histological and µCT data, the mechanical competence of the newly formed tissue in the fracture callus determined as the apparent Young\'s Modulus *E* ~app~ was significantly decreased in the absence of *Fzd9* by 32% (*p* = 0.040) and 35% (*p* = 0.008) after 24 and 32 days, respectively ([Figure 7A](#pone-0084232-g007){ref-type="fig"}). *E* ~app~, which is calculated as the ratio of flexural rigidity and moment of inertia, describes the apparent material properties of the inhomogeneous, newly formed callus tissue independently of the geometry of the fracture callus [@pone.0084232-Claes2]. The decreased *E* ~app~ in *Fzd9*-deficient mice resulted from the lower amount of mineralized bone in the callus ([Figure 6](#pone-0084232-g006){ref-type="fig"}). Notably, the flexural rigidity of the healed bones was not significantly different between both genotypes ([Figure 7B](#pone-0084232-g007){ref-type="fig"}). The flexural rigidity depends not only on the quality of the newly formed tissue (BV/TV, BMD) but also on the geometry of the callus, which is described by the moment of inertia. The moment of inertia in the bending axis was significantly increased in *Fzd9*-deficient mice (by 81%, *p* = 0.019, and by 77%, *p* = 0.004, after 24 and 32 days, respectively), indicating that the callus geometry was altered in these mice ([Figures 6C](#pone-0084232-g006){ref-type="fig"} and [7C](#pone-0084232-g007){ref-type="fig"}). This results in a similar flexural rigidity for both genotypes, although the callus quality was significantly decreased in the absence of *Fzd9*.

![Mechanical characterization of the fracture calli of WT and *Fzd9* ^−**/**−^ mice at days 24 and 32 post fracture.\
All values are presented as median, interquartile ranges, minimum and maximum. n = 5--10; Mann-Whitney-U-test, \*p\<0.05. A: Apparent Young\'s Modulus *E* ~app~ calculated as the ratio of flexural rigidity and moment of inertia, which describes the apparent material properties of the newly formed tissue. B: Flexural rigidity of the fracture calli measured by 3-point-bending test. C: Moment of inertia (*I~x~*) of the fracture calli measured by micro-computed tomography (µCT).](pone.0084232.g007){#pone-0084232-g007}

Discussion {#s3}
==========

Fzd9 belongs to the ten known transmembrane receptors of the Frizzled family, which participate in the canonical and non-canonical Wnt-signal transduction pathways [@pone.0084232-Baron1], [@pone.0084232-Kim1]. It is suggested that, in humans, FZD9 may be involved in the regulation of bone formation, because its deletion in the Williams-Beuren syndrome, a rare genetic disease with multiple manifestations, is associated with low bone mass [@pone.0084232-Pober1], [@pone.0084232-Schubert1], [@pone.0084232-Cherniske1]. Supporting the relevance of *Fzd9* in bone remodeling, it was recently demonstrated that the absence of *Fzd9* in mice resulted in osteopenia caused by an autonomous osteoblast defect. Because canonical Wnt/β-catenin signaling was not affected in *Fzd9*-deficient osteoblasts, it was suggested that *Fzd9* regulates bone mass via non-canonical Wnt-signaling pathways [@pone.0084232-Albers1]. The data of the present study provide the first evidence that *Fzd9*, in addition to its role in physiological bone remodeling, regulates new bone formation in fracture healing. The fracture calli of *Fzd9*-deficient mice contained significantly less newly formed bone in the early and late healing periods, and exhibited inferior mechanical competence, implying that *Fzd9* positively regulates bone repair via β-catenin-independent Wnt-signaling pathways.

During the early phases of fracture healing, bone is predominantly formed by direct differentiation of committed osteoprogenitor cells and undifferentiated mesenchymal cells at some distance from the fracture gap, where the mechanical conditions and blood supply are adequate (intramembranous bone formation). Near the fracture, endochondral bone formation occurs by differentiation of mesenchymal cells into chondroblasts, which produce cartilaginous matrix. Later, the cartilage undergoes calcification and is transformed to bone when fracture healing progresses successfully [@pone.0084232-Claes1], [@pone.0084232-Gerstenfeld1]. Our data demonstrated a significantly reduced amount of newly formed bone in both early and later fracture callus in the absence of *Fzd9*, indicating that direct intramembranous ossification and endochondral bone formation were both significantly compromised. This finding corresponds to the poor mechanical quality of the callus tissue at the later healing stages. It was previously demonstrated, that bone marrow stromal cells derived from *Fzd9*-knockout mice exhibited a diminished capacity to proliferate and form mineralized matrix, suggesting that an intrinsic osteoblast defect may be responsible for the osteopenia observed in these mice [@pone.0084232-Albers1]. The disturbed osteoblast function also explains our present results of reduced bone formation in fracture healing. The molecular analysis of *Fzd9*-deficient osteoblasts showed that established differentiation markers, such as Runx2, Alpl and Bglap, were not affected [@pone.0084232-Albers1]. This could be confirmed in the present study, as Runx2 and Osteocalcin were similarly expressed in the fracture callus of WT and *Fzd9* ^−/−^ mice. In contrast, *Fzd9* ^−/−^ primary osteoblasts displayed a reduced expression of several interferon-regulated genes [@pone.0084232-Albers1], among them the ubiquitin-like modifier *Isg15*, which is involved in posttranslational modifications of multiple proteins [@pone.0084232-Zhao1]. It was postulated that *Isg15* might be one of the relevant downstream targets of *Fzd9* in the regulation of bone formation, because the impaired activity of the *Fzd9*-deficient osteoblast to form mineralized matrix could be rescued after transduction of an *Isg15* retrovirus and because *Isg15*-deficient mice displayed osteopenia [@pone.0084232-Albers1]. However, the potential target proteins of *Isg15* in osteoblasts remain to be elucidated. Of great relevance for our present results may also be the fact that *Fzd9*-deficient primary osteoblasts displayed a lower expression of several chemokine-encoding genes, including *Ccl5*, *Ccl2* and *Cxcl5*, which were induced by the non-canonical Wnt agonist Wnt5a in WT osteoblasts, suggesting that they are direct targets of non-canonical Wnt signaling [@pone.0084232-Albers1], [@pone.0084232-Rauner1]. In line with these data, the immunostaining of Cxcl5 and Ccl2 appeared to be reduced in the fracture callus of *Fzd9*-deficient mice. These chemokines not only play a crucial role in bone metabolism [@pone.0084232-Wintges1], [@pone.0084232-Binder1], but also regulate fracture healing [@pone.0084232-Alblowi1]. Recently, it was shown that inflammatory mediators, such as TNF-α, which are key regulators in the inflammatory phase of fracture healing [@pone.0084232-Gerstenfeld1], induce cytokine and chemokine production in mesenchymal stromal cells and osteoblasts via Wnt5a [@pone.0084232-Rauner1]. This underlines the critical role of non-canonical Wnt signaling in the regulation of inflammatory processes in bone. The reduced expression of chemokines by mesenchymal cells and osteoblasts may contribute to the pathomechanisms of delayed fracture healing in *Fzd9*-deficient mice, even though further studies are necessary to unravel the molecular effect of *Fzd9* in bone regeneration.

Using various mouse models with inducible ubiquitous or osteoblast-specific expression of null or stabilized β-catenin alleles, Chen et al. identified β-catenin as a key player in fracture healing [@pone.0084232-Chen1]. Their results revealed that β-catenin positively regulated fracture healing when mesenchymal precursor cells had already been committed to the osteoblastic lineage. In contrast, β-catenin activation had to be precisely regulated in undifferentiated mesenchymal cells to allow successful bone repair, implicating a distinct role for canonical Wnt signaling in different healing phases [@pone.0084232-Chen1]. Other studies confirmed the dominant role of canonical Wnt/β-catenin signaling, leading to the strategy of targeting this pathway to achieve improved bone repair [@pone.0084232-Minear1], [@pone.0084232-Agholme1], [@pone.0084232-Jawad1], [@pone.0084232-Ominsky1], [@pone.0084232-Agholme2]. Because our previous study revealed that *Fzd9* regulates osteoblast function via non-canonical pathways, whereas Wnt/β-catenin signaling was not affected [@pone.0084232-Albers1], we were interested whether β-catenin was still present in the fracture callus of *Fzd9*-deficient mice. Actually, our results demonstrated that β-catenin was expressed in osteoblasts within the fracture callus in WT mice and that this expression level was not affected by the absence of *Fzd9*. This supports our previous findings [@pone.0084232-Albers1] and provides the first evidence that, in addition to the canonical Wnt/β-catenin pathway, non-canonical Wnt signal transduction via *Fzd9* may be crucial for successful bone formation in fracture healing. The relevance of non-canonical Wnt pathways for bone repair is supported by other studies, demonstrating the up-regulation of non-canonical Wnt agonists, including Wnt4, Wnt5a or Wnt11, during healing [@pone.0084232-Chen1], [@pone.0084232-Hadjiargyrou1], [@pone.0084232-Kakar1].

Our results further showed that the amount of cartilage in the early fracture callus was unaffected by the absence of *Fzd9*, suggesting that non-canonical signaling via *Fzd9* may not be crucial for the differentiation of mesenchymal precursor cells towards the chondrogenic lineage. It is known that Wnt signaling can both positively and negatively regulate the different stages of chondrogenesis during skeletal development [@pone.0084232-Macsai1], [@pone.0084232-Chun1], [@pone.0084232-Yates1], however, the role of *Fzd9* has not been addressed. Additionally, the investigation of the regulation of cartilage formation in fracture healing by Wnt-signaling pathways is limited. To our knowledge, only one study specifically addressed this question by using Col2a1-ICAT mice, in which Wnt/β-catenin signaling is exclusively blocked in chondrocytes by preventing β-catenin and TCF/LEF forming the gene-transcription regulation complex [@pone.0084232-Huang1]. The authors found delayed cartilage formation and chondrocyte hypertrophy in fracture healing of these mice, suggesting that β-catenin is essential for chondrogenesis and endochondral ossification in bone repair. This is supported by our own data, showing that β-catenin was, in addition to osteoblasts, particularly localized in proliferating chondrocytes, a finding confirmed by others [@pone.0084232-Zhong1]. These data indicate that Wnt/β-catenin signaling rather than non-canonical signaling may be important for cartilage formation in fracture healing.

We also found that even in the absence of *Fzd9* the cartilage in the callus was successfully degraded in the later phases of fracture healing, indicating undisturbed osteoclast activity. This was confirmed by our histological findings, demonstrating that in the absence of *Fzd9*, the number of osteoclasts in the fracture callus was not affected in the early or later healing stages. This is entirely in line with our previous findings of normal osteoclast number and activity in bone remodeling of *Fzd9*-deficient mice [@pone.0084232-Albers1] and can be explained by the fact, that osteoclast activity is primarily regulated via the Wnt/β-catenin pathway, which controls the expression of *Tnfrsf11b* in osteoblasts, a gene encoding osteoprotegerin, an inhibitor of osteoclastogenesis [@pone.0084232-Glass1], [@pone.0084232-Holmen1], [@pone.0084232-Kramer1].

In conclusion, our data provide the first evidence that *Fzd9*, in addition to its role in physiological bone remodeling, modulates new bone formation in fracture healing, indicating that bone-repair regulation is complex and involves both canonical and non-canonical Wnt-signaling pathways. The results of this study could have implications for the development of treatments of disturbed fracture healing, because Fzd proteins as serpentine receptors belong to the major class of target proteins for currently available drugs [@pone.0084232-Imming1].

Materials and Methods {#s4}
=====================

All experiments were performed according to international regulations for the care and use of laboratory animals and were approved by the responsible ethical committee (No. 1026, Regierungspräsidium Tübingen, Germany). Twenty-one female *Fzd9*-deficient mice (University Medical Center Hamburg-Eppendorf, Germany) and 21 corresponding wildtype (WT) mice (129S6/SvEvTac, Taconic Farms Inc, New York, USA) were used [@pone.0084232-Albers1]. Mice were housed in cages in groups of up to four animals and kept on a 14 h light and 10 h dark rhythm with water and food provided *ad libitum*. All mice received the same standard diet (R/M-H, V1535-300, Ssniff Spezialitäten GmbH, Soest, Germany).

Surgery {#s4a}
-------

The surgery was described previously in detail [@pone.0084232-Rntgen1]. Briefly, at the age of 26 weeks all mice received a standardized osteotomy at the mid-shaft of the right femur under general anesthesia with 2% isoflurane (Forene, Abbott, Wiesbaden, Germany). The osteotomy was performed using a "Gigli" wire saw (diameter 0.4 mm, RISystem Inc., Davos, Switzerland) and stabilized with an external fixator (axial stiffness 3.0 N/mm, RISystem Inc., Davos, Switzerland). Mice received 25 mg/l tramalhydrochloride (Tramal, Gruenenthal GmbH, Aachen, Germany) as analgesic in the drinking water 1 day preoperatively until 3 days postoperatively. For antibiosis, a single dose of clindamycin-2-dihydrogenphosphate (45 mg/kg, Clindamycin, Ratiopharm, Ulm, Germany) was injected subcutaneously during surgery. After 10, 24 and 32 days, mice were sacrificed and the femurs carefully explanted (n = 5--10).

Biomechanical Testing of the Fracture Callus {#s4b}
--------------------------------------------

To determine the mechanical competence of the fracture callus as a functional parameter for fracture healing, the osteotomized femurs of mice euthanatized after 24 and 32 days post-surgery were subjected to a non-destructive three-point-bending test as described in detail previously [@pone.0084232-Rntgen1]. Briefly, after fixator removal, the proximal end of the femur was fixed in an aluminum cylinder using a two-component adhesive (i-Cem^®^ Self-Adhesive, Heraeus Kulzer, Hanau, Germany). The cylinder was fixed in a materials testing machine (Z10, ZwickRoell, Ulm, Germany) with all degrees of freedom except rotation in the sagittal plane. The femoral condyles rested unfixed on a moveable distal bending support. An axial load of up to 4 N was applied on the cranio-lateral surface of the fracture callus at the femoral mid-shaft, creating a bending moment in the sagittal plane. The bending stiffness was calculated from the slope (*k*) of the linear region of the force-deflection curve. The distance between the load vector and the proximal (*a*) and distal (*b*) supports was considered when the calli were not located exactly in the middle of the supports (*L/2*). Flexural rigidity (*E\*I*) was calculated according to E\*I = k\*(a^2^\*b^2^/3L). Furthermore, the apparent Young\'s Modulus *E* ~app~ of the fracture callus was calculated as the ratio of flexural rigidity and moment of inertia (*I~x~*) in the axis of bending (anterior-posterior direction) (*E* ~app~ = *E\*I*/*I~x~*), which was measured using micro-computed tomography (µCT).

Micro-Computed Tomography (μCT) {#s4c}
-------------------------------

After biomechanical testing, all femurs explanted 24 and 32 days post surgery were scanned using a μCT device (Skyscan 1172, Skyscan, Kontich, Belgium) at a resolution of 8 μm and a voltage of 50 kV and 200 μA. Two phantoms with defined density of hydroxylapatite (250 mg/cm^3^ und 750 mg/cm^3^) were scanned to convert the attenuation coefficients of the voxels into BMD. For analysis, the volume of interest (VOI) was defined as the region of the former osteotomy gap (CTAnalyser, Skyscan, Kontich, Belgium). In the total volume (TV), the average moment of inertia with respect to the bending axis (I~x~) was determined. A global threshold of 642 mg hydroxylapatite/cm^3^ [@pone.0084232-Morgan1] was used to distinguish between mineralized and non-mineralized tissue to determine the bone volume fraction (BV/TV) and the average BMD of the mineralized tissue.

Histomorphometry {#s4d}
----------------

Twenty-four and 32 days post surgery the femurs were subjected to undecalcified histology by fixation in 4% formalin for at least 48 h and dehydration by increasing ethanol concentrations. Next, the femurs were embedded in methyl-methacrylate and 7-μm slices were cut and stained with Giemsa for tissue quantification. Decalcified histology of fractured femurs was carried out 10 days after surgery. Bones were fixed in 4% formalin for 2 days, decalcified in 20% EDTA (pH 7.2--7.4) for 8--14 days and embedded in paraffin after dehydration. Slices of 7 μm were obtained and stained with Safranin O.

The histological slices were examined using light microscopy (Leica DMI6000 B, Leica, Heerbrugg, Switzerland; Software MMAF Version 1.4.0 MetaMorph®, Leica) under 50-fold magnification. In the region of interest (ROI), relative amounts of total osseous tissue (TOT), cartilage (Cg) and fibrous tissue (FT) were determined. After 24 and 32 days the former osteotomy gap (endosteal and periosteal) was defined as the ROI according to μCT analysis, whereas after 10 days the region of the osteotomy and the periosteal callus between the inner pins of the fixator were considered as the ROI.

Osteoclasts were identified using histochemical staining for tartrate-resistant acid phosphatase (TRAP) at days 10 and 24 [@pone.0084232-Heilmann1]. Cells with ≥3 nuclei residing on the bone surface and positive for TRAP staining were regarded as osteoclasts, and the number of osteoclasts per bone surface in the callus (OcN/BS) was evaluated. ROIs were defined according to the ROIs of the histological and μCT analyses after 10 and 24 days.

Immunostaining of β-catenin, Runx2, Osteocalcin, and chemokines Cxcl5 and Ccl2 were performed on paraffin-embedded sections from day 10 using a polyclonal anti-rabbit β-catenin antibody (EMD Millipore Corporation, Massachusetts, USA), anti-Runx2 antibody (Cell Signaling Technology Inc., Danvers, USA), anti-Osteocalcin antibody (Biorbyt Ltd., Cambridge, UK), anti-Cxcl5 antibody (Bioss Inc., Woburn, USA), and anti-Ccl2 antibody (Bioss Inc., Woburn, USA) respectively. After deparaffinization of sections in xylene and rehydration with methanol, nonspecific sites were blocked with 4% bovine serum albumin (BSA) and 0.1% Triton X-100 (Sigma-Aldrich, Steinheim, Germany) for 60 min at room temperature. Sections were incubated with primary antibody against β-catenin (1∶150 in 1% BSA and 0.1% Triton X-100), Runx2 (1∶50 in 1% BSA and 0.1% Triton X-100), Osteocalcin (1∶200 in 1% BSA and 0.1% Triton X-100), Cxcl5 (1∶100 in 1% BSA and 0.1% Triton X-100) or Ccl2 (1∶150 in 1% BSA and 0.1% Triton X-100) over night at 4°C. To detect the primary antibody, a secondary biotinylated goat-anti-rabbit antibody (Invitrogen, Life Technologies Corporation, Darmstadt, Germany) was added for 30 min at room temperature. After the addition of streptavidin for signal amplification over the period of 15 min (Zytomed Systems, Berlin, Germany), 3-amino-9-ethylcarbazol (Zytomed Systems, Berlin, Germany) was used as the chromogen. Finally, counterstaining with hematoxylin (Waldeck, Münster, Germany) was performed. The slices were analyzed under light microscopy at 200-fold magnification.

Statistical Analysis {#s4e}
--------------------

All values are given as the median, with interquartile ranges, minimum and maximum. Statistics software IBM SPSS Statistics 19.0 (SPSS Inc., Chicago, USA) was used. Data were compared using a non-parametric Mann-Whitney-U-test. The level indicating significance was *p*≤0.05.

The authors appreciate the technical assistance of Ursula Maile, Marion Tomo, Sevil Essig and Helga Bach. Each author in this manuscript has not and will not receive benefits in any form from a commercial party related directly or indirectly to the content of this manuscript. None of the authors have any conflict of interest.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: AH TS MA AI. Performed the experiments: AH AR MH-L CN. Analyzed the data: AH RB TW AR AL AI. Contributed reagents/materials/analysis tools: TS MA. Wrote the paper: AH AI.
